Introduction
Cancer is a leading cause of deaths around the world. It is a disease characterized by genetic mutations and epigenetic changes, which can be triggered partly by environmental factors including oxidative stress. 1 Treatment of cancer varies and typically involves surgery, radiotherapy and chemotherapy. In recent years, molecular targeted therapy and immunotherapy are gaining traction. Complementary therapeutic modalities such as traditional Chinese medicines are also widely used, especially in Asia. 2, 3 Chemotherapy is the main approach for the treatment of metastatic tumors. 4 However, it is associated with serious side effects, such as bone marrow suppression, neurotoxicity, gastrointestinal reaction and liver and kidney damages. 5 In addition, chemotherapeutics can induce multidrug resistance, leading to treatment failure upon recurrence of the disease. 6, 7 Some plant extracts have shown interesting anticancer properties without the serious side effects of cytotoxic agents. Among them, curcumin (CUR), which has anti-inflammatory activities, has also shown activity against cancer through multiple mechanisms, including inhibition of initiation, progression, invasion and metastasis of cancer cells. Venkata et al 8 discussed the anti-inflammatory and anticancer activities of CUR and their interconnectedness. It has been shown that CUR acts on protein kinases MAPK, Akt and Bcl-2; 9-12 transcription factors NF-κB, AP-1 and STAT-3 solid dispersion formulation of CUR with d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) and mannitol and showed that solubility, dissolution rate, oral bioavailability and cell permeability of CUR were increased. A study by Singh et al 26 showed that silica nanoparticle-CUR complex conjugated with hyaluronic acid improved stability, uptake and cytotoxicity of CUR on COLO-205 cancer cells. Shinde and Devarajan 27 reported that microemulsions composed of docosahexaenoic acid could effectively deliver CUR to the brain and inhibit the growth of human glioblastoma U-87MG cell line in vitro. Wei et al 28 demonstrated that cholesteryl-hyaluronic acid nanogel of CUR exhibited excellent solubility and sustained drug release under physiological conditions and effectively inhibited human pancreatic adenocarcinoma MiaPaCa-2 cells. Jyoti et al 29 investigated chitosan (CS) microspheres of CUR and showed that the microspheres improved solubility and therapeutic index of CUR in HT-29 cells. In addition, it was reported that a series of mesoporous silica material-loaded CUR exhibited higher oral bioavailability and cellular uptake and significantly increased A549, MCF-7 and B16F10 cell apoptosis compared to CUR. [30] [31] [32] A novel drug carrier composed of sodium alginate, hydroxyapatite bilayer-coated iron oxide nanoparticle composite (IONP/HAp-NaAlg) was synthetized via the co-precipitation approach and used to delivery CUR over 7 days. 33 CUR encapsulated in polymeric nanoparticles showed higher solubility and enhanced bioavailability. 34 CUR was encapsulated into bovine serum albumin nanoparticles by co-precipitation method and showed higher cytotoxicity on A549 cells, HepG2 cells and RAW264.7 cells compared with the free CUR at the same drug concentration. 35 Among drug carriers, liposomes have been extensively studied for many years and shown rather promising prospects for in vivo delivery of CUR. Liposomes are phospholipid bilayer vesicles that can carry both hydrophobic and hydrophilic drugs. 36 Liposomes have been used in the delivery of anticancer drugs and are able to alter the biodistribution and clearance of drug molecules. 37, 38 Intravenously (iv) administered liposomes are taken up by the reticuloendothelial system (RES) after entering the body. Liposomal drugs mainly accumulate in the liver, spleen, lung, bone marrow or other tissues and organs so as to improve the therapeutic index of drugs and reduce their side effects. 39 Besides, liposomes are prepared easily and the preparation technology is mature. With the broad application of liposomes, more novel liposomes such as long-circulating liposomes and ligand-modified liposomes have been designed to prolong action time of drugs in blood and target different cancers. A study showed that PEGylated liposomes of mitomycin C were captured by cells and collected at the target site due to enhanced permeability and retention (EPR) effect. 40 Recently, folate-modified doxorubicin-loaded nanoliposomes were shown to effectively inhibit the growth of B16F10 melanoma cells. The folate-modified liposomes improved antitumor efficacy and reduced systemic toxicity of doxorubicin. 41 Thus, combination of CUR and liposomes should enhance the stability, bioavailability, targeting property and anticancer efficacy of CUR. The purpose of this review is to introduce the preparation method and application of liposomes in CUR and their effects on cancer therapy.
CUR

Physical property
CUR is a natural yellow-color compound extracted from rhizome of turmeric plant Curcuma longa, which belongs to the Zingibaraceae family and is widely grown in Southeast Asia. It is a lipophilic molecule that can permeate the cell membrane easily. There are three main types of curcuminoids including 1,7-bis-4-hydroxy-3-methoxyphenyl-hepta-1,6-diene-3,5-dione (CUR I, ~77%), 1,4-hydroxy-3-methoxyphenyl-7,4-hydeoxyphenyl-hepta-1,6-diene-3,5-dione (demethoxy CUR II, ~17%) and 1,7-bis-4-hydeoxyphenyl-hepta-1,6-diene-3,5-dione (bisdemethoxy CUR III, ~3%) (Figure 1 ). 42 The main commercial CUR is CUR I, which belongs to Biopharmaceutical Classification System (BCS) Class IV. 43 The molecular formula, molecular weight and melting point of CUR I are C 21 H 20 O 6 , 368.37 g/mol and 183°C, respectively. And it is extremely sensitive to light, while temperature has little influence on its stability even at 250°C. In solution, when the pH value is .5, CUR I is unstable and its degradation rate significantly speeds up with increasing 
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Liposomal curcumin the pH value of the solution. Trans-6-(4′-Hydroxy-3′-methoxyphenyl)-2,4-dioxo-5-hexenal is a major degradation product, and vanillin, ferulic acid and feruloyl methane are minor degradation products.
44,45
Pharmacology CUR is a multifunctional compound from a nature plant and has various therapeutic activities, such as wound-healing, antiinflammatory, anticarcinogenic, antibacterial, antispasmodic, anticoagulant and anticancer ( Figure 2) . 46, 47 In fact, CUR was shown to strongly inhibit NF-κB activity and NF-κB-related pathways to induce cellular apoptosis. NF-κB plays a very important role in establishing the relation between inflammation and cancer. 14, 48 Moreover, CUR is safe and well tolerated even at very high doses. Cheng et al 49 studied safety of CUR in humans and showed that CUR when taken at 8 g daily for 3 months did not produce any toxic effect.
Pharmacokinetic properties of CUR have been studied extensively. It has been reported to be difficult to dissolve in water (#0.125 mg/L) and have very poor bioavailability. 50 In an earlier article, Schiborr et al 51 investigated the absorption behavior of CUR in mice by oral administration and intraperitoneal injection. It was found that CUR's content of the oral administration group (at the dose of 50 mg/kg) was below the detection limit in plasma, liver and brain after 30 min while the injection group (at the dose of 100 mg/kg) was 4-5 μg/g. In another study, 100 mg/kg of CUR was injected by caudal vein in mice. Concentrations at 20 min of CUR in liver, kidney, lung and heart determined by high performance liquid chromatography (HPLC) were 8.00 μg/g, 0.35 μg/g, 0.17 μg/g and 0.06 μg/g, respectively. After 40 min, CUR was only measurable in the liver with 0.04 μg/g. After 100 min, CUR was not detected in any tissues. 52 Thus, it was suggested that the metabolism of CUR was fast in mice. More recently, accumulated urine of healthy male rats from 0 h to 16 h was analyzed after administrating 500 mg/ kg of CUR by liquid chromatography tandem mass spectrometry (LC/MS-MS), and it was found that major metabolites of CUR were tetrahydrocurcumin, dihydrocurcumin, hexahydrocurcumin and their glucuronic acid derivatives ( Figure 3) . 53 At the same time, CUR is absorbed after oral 
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Feng et al dosing and can be detected by HPLC. After oral administration of CUR, a small amount of CUR existed in the plasma while the contents of CUR glucoside acid and sulfate were higher than in human. 54, 55 Another study showed that high oral doses of CUR (equivalent to oral CUR for a 1.2 g/kg) only contained CUR at nanomolar concentration in plasma, liver and colon mucosa tissue, which demonstrated that bioavailability of CUR is very low. Bioavailability of CUR by the way of oral administration in rats (200 mg/kg) was only 4.13%. 56 A study from Kaminaga et al 57 reported that CUR levels in serum remained at 50 ng/mL when 10-12 g/mL of CUR was administered orally in humans.
Preparation methods for CUR liposomes
Liposomes should be an effective carrier to enhance the stability, bioavailability and targeting property of CUR ( Figure 4 ). Preparation methods for CUR liposomes include thin-film method, freeze-thawing method, injection method, reversed-phase evaporation method, etc.
Traditional preparation methods of CUR liposomes
Thin-film method Thin-film dispersion method First, phospholipids, cholesterol (CH) or other lipoids and fat-soluble drugs are mixed in an organic solvent. Second, the solvent is evaporated on a rotary evaporator in a vacuum. When a uniform film appears, aqueous buffer is added to hydrate the lipids to form liposomes. Lin et al 58 prepared CUR liposomes for injection using this method. The liposomes were yellow powder. When gently added water for injection, the powder quickly dispersed in water and formed yellow translucent colloidal suspension. Then, characteristics of the CUR liposomes were evaluated, and it was found that the average particle size was 120.1 nm, zeta potential was −50.5 mV, entrapment efficiency was 95 Thin-film ultrasonic dispersion method Thin-film dispersion method yields large and multilamellar vesicles (MLV) that can be processed into 0.25-1 μm small unilamellar vesicles (SUV) through sonication. Sun et al 61 prepared novel CUR liposomes with CUR, hydrogenated lecithin, CH and poly(amidoamine) dendrimers and dendrons (PAMAM) lipid globules at the ratio of 1:20:3.26:1.6 (v/v) using thin-film ultrasonic dispersion method. The results showed that the average particle size of CUR liposomes was 97.08 nm and the entrapment efficiency was 99.37%±0.89%. The stability was favorable that there was not any visible change even it was placed at room temperature for 3 months. When the liposomes were placed in water bath at 50°C, 70°C or 80°C for 30 min, no visible change was observed and the entrapment efficiency of CUR was almost unaffected. It is demonstrated that the liposomes had excellent thermotolerance. Under the hydrochloric acid solution condition, tolerant maximum concentration of the CUR liposomes was 1 mol/L. And below the maximum concentration, no activity such 
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Liposomal curcumin as turbidity or aggregation was observed. Thus, thin-film ultrasonic dispersion can be used to prepare CUR liposomes that can tolerate acidic condition encountered after oral administration.
Thin-film hydration method for CUR Briefly, an ethanol solution of CUR and chloroform solution of lipids were added in a round bottom flask. Then, the organic solvent was evaporated under reduced pressure using a rotary evaporator until a thin film formed. The round bottom flask in a vacuum oven was kept overnight to remove the residual solvent. Next, the thin film of lipids was hydrated using deionized water at 4°C overnight. Then, the solution was sonicated for 10 min at the same temperature. 62 Pamunuwaa et al 63 prepared CUR liposomes with positive and negative charge using thin-film hydration method. The formulation of CUR liposomes with positive hybrid charge (PHL) was 200 mg of egg yolk PC, 10 mg of CUR, 25 mg of CH, polysorbate 80 and stearylamine (SA), respectively, while CUR liposomes with negative hybrid charge (NHL) did not contain SA. The results showed that the encapsulation efficiencies and loading capacities of PHL and NHL were (54.5±2.2)% and (77.8±5.7)% and (1.9±0.1)% and (3.0±0.2)%, respectively. Besides, particle size and zeta potential of PHL and NHL were (265.3±3.3) nm and (225.7±5.0) nm and (+48.2±0.8) mV and (−48.7±1.7) mV, respectively. In vitro release experiment, NHL (21%) showed faster average release of CUR compared with PHL (9%) at 24 h, which demonstrated that the charge of liposomes has a significant effect on the release properties of liposomal CUR when incorporation of SA in the lipid bilayer may be a strategy to achieve slow release effect for CUR from liposomes. Moreover, the amount of skin deposition of NHL (8.6±1.4 μg/cm 2 ) was higher than PHL (2.5±0.5 μg/cm 2 ) using excised pig ear skin. Thus, CUR liposomes with positive hybrid charge showed favorable slow release behavior. In another study, CUR was incorporated in liposomes as formation of hydropropyl-β-or hydroxypropyl-γ-cyclodextrin (HPβCD or HPγCD) complexes by thin-film hydration method. 64 The results showed that the mean diameters of the various CUR liposome formulations ranged between 96.8 nm and 130.3 nm and the zeta potential values measured for all CUR liposome types were slightly negative but close to zero. In terms of loading efficiency for CUR, HPγCD increased it by 2.02 times compared to unloaded CUR. Between the two CD types, HPγCD complex containing liposomes demonstrated 1.41-1.55 times higher loading efficiencies. Stability experiment showed that complex formation had a significant stabilizing effect only at the low CUR concentration conditions. Furthermore, HPβCD complex provides higher stabilization (compared to HPγCD). Thus, the CUR-in-CD-in-liposome hybrid formulations significantly enhanced solubility and stability for CUR. In another study, liposomes-loaded CUR with four lipid compositions including soy phosphatidylcholine (SPC), dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidylglycerol (DPPG) and a mixture of DPPC + DPPG (7:3, m/m) were prepared by thin-film hydration technique, respectively. 65 Spherical shape and bilayer were observed in four CUR liposomes. All studied liposomes were found to be more stable in terms of size, polydispersity index (PDI), surface charge, thermal behavior, encapsulation efficiency and release behavior than free CUR. Besides, these liposomes demonstrated sustained release behavior. Thus, liposomes as effective drug delivery systems can achieve sustained and prolonged release of CUR.
Freeze-thawing method
This way involves two procedures: first, freezing unilamellar vesicles that contain drugs. Second, liposomes slowly melted to form a new stable kind of liposomes after a period of time. CUR liposomes were prepared by freeze-thawing method. 66 It was found that as CH concentration increased, entrapment efficiency of the liposomes decreased and the highest entrapment efficiency was ~98.4% with 3.5 mg CUR and 10 mg CH. Scanning electron microscopy revealed round vesicles with an average size of 131±10 nm. Besides, 10% sucrose was selected as cryoprotectants to protect the liposomes from crystallization during freezing. This study demonstrated that liposomes containing CUR performed excellent entrapment efficiency using this approach.
Freeze-dried method
Liposome suspension is prone to aggregate and undergoes fusion, leakage, oxidation and hydrolysis during storage so that it is difficult to meet the requirements of the stability of pharmaceutical preparations. At present, the freeze-dried method has become one of the ways to improve long-term stability of the liposome preparation. It was reported that hyaluronan, phospholipid and Eudragit S100, which is an anionic copolymer able to form an effective and stable enteric coating with a fast dissolution in the upper bowel, were combined to immobilized liposomes for the intestinal delivery of CUR by freeze-dried method. 67 Four different formulations were frozen at 80°C and freeze-dried for 24 h at 80°C and with 10 mg/mL of CUR, 90 mg/mL of phospholipid and at 
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Feng et al varying eudragit-hyaluronan ratios. The results showed that size ranged from 220 nm to 287 nm, spherical or oval shape and the entrapment efficiency was very similar for all the samples, ranging from 78% to 82%. Dispersibility was good in water, and a homogeneous suspension was formed upon hydration without drug aggregates or precipitate, while CUR liposomes without the polymers were large in size ($700 nm) and not stable with drug precipitation, which indicated that the polymers contributed to the dissolution of CUR. Using two media to simulate stomach-to-colon transit under the condition of pH 2 and pH 7, it was found that the size of the vesicles did not vary significantly after 2 h while observed only a slight increase in zeta potential (less negative). It is suggested that the polymeric combination protects CUR from damage in gastrointestinal tract. In vivo biodistribution results showed that the amount of CUR found in liver and kidneys was negligible, while the local accumulation in the intestines was favored. In particular, after the administration of the liposomes, the amount of CUR in the jejunum reached 25% while in the colon was negligible with only 3%. It was demonstrated that the vesicles provided a higher CUR deposition in the intestine tracts. Thus, the vesicles showed promising properties for the intestinal delivery of CUR by protecting the polyphenol from the gastric environment.
Solvent injection methods
These include ethanol injection and ether injection methods. In the ether injection method, lipids and hydrophobic drugs are co-dissolved in organic solvent as oil phase. Then, the oil phase is rapidly injected into the water-soluble drugs with stirring. Liposomes are formed when the organic solvent is removed. However, ether injection method is less frequently used in the preparation of CUR liposomes because of the toxicity of ether. Ethanol injection is much more commonly used in liposome preparation. CUR liposomes were prepared using this method. 68 A single-factor experiment results revealed that entrapment efficiency of the liposomes was the highest at 72.32% when the dosage of CUR was 1.0 mg, CH:lecithin was at 1:3 (v/v) and phosphate buffer (pH 6.5) volume used was 20.0 mL. The CUR liposomes were spheres or elliptic spheres and had an average particle size of ~830 nm. The abovementioned data suggested that ethanol injection method for the preparation of CUR liposomes was simple and practical. Zhao et al 69 have developed propylene glycol liposomes (PGL) as CUR carriers for skin delivery using ethanol injection method. The mean particle size of CUR-PGL was 182.4±89.2 nm compared with CUR liposomes (632.9±184.1 nm). The CUR-PGL liposomes were spherical vesicles. No aggregation or fusion was observed under transmission electron microscopy (TEM), while traditional liposomes exhibited some vesicle aggregation over time. Compared with CUR liposomes, encapsulation efficiency of PGL was higher at 92.74%±3.44%. In terms of drug release behavior, CUR-PGL showed gradual release, with maximum values of cumulative release curve reaching 46%. In stability studies for 3 months, CUR-PGL did not exhibit significant changes in particle size and PDI at room temperature and the encapsulation efficiency remained stable (92.87%) in contrast to the CUR liposomes (64.6%). CUR-PGL prepared by ethanol injection method effectively improved encapsulation efficiency as well as reduced oral dose and side effects of CUR. In another study, Li et al 70 prepared silica-coated ethosomes loaded with CUR (CU-SE) using ethanol injection method. The results showed that the mean diameter, PDI, zeta potential and entrapment efficiency of CU-SE were 478.5±80.3 nm, 0.285±0.042, −28.6±7.88 mV and 80.77%, respectively. In vitro release assays demonstrated that CU-SE was stable and showed nearly no release in 3 h and then gradually released CUR over time in 2% sodium dodecyl sulfate (SDS) artificial intestinal fluid. Besides, the bioavailability of CU-SE was 11.86-fold higher than that of CUR suspensions. Thus, the CU-SE not only significantly promoted the stability of CUR but also improved the bioavailability relative to CUR.
Reversed-phase evaporation method
In this method, phospholipids are dissolved in chloroform, ether or another non-water miscible organic solvent. Then, the solution of drug to be encapsulated is added and a w/o emulsion is prepared by means of short-time ultrasonic. After removal of the solvent by rotary evaporation, the residual inversed emulsion is diluted in the buffer solution. Gel filtration chromatography or ultracentrifugation can be used to separate unentrapped drugs from liposomes. Zhao 71 prepared CUR liposomes using reversed-phase evaporation method. Stable, homogeneous and semitransparent CUR liposomes were obtained by the optimum formula (lecithin:CH:CUR =60:15:1), pH of phosphate-buffered saline (PBS) was 6.5 and ultrasonic processing time was 5 min. The average entrapment efficiency for CUR was 95.06%. In his other study, vitamin A CUR liposomes were prepared by the same method. 72 The results showed that the average entrapment efficiency for CUR was 89.3%±0.62% and V A binding rate was 61.3%±0.79%. In in vitro release, there was sustained release. These data revealed that it was reasonable, simple and feasible for CUR liposomes to be 
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Liposomal curcumin prepared by reversed-phase evaporation method. V A -CUR liposomes were reported by Meng et al. 73 The results showed that the average entrapment efficiency for CUR was 89.67%±0.47% and V A binding rate was 62.35%±0.77%. In a stability study, the V A -CUR liposome was stored at 4°C and 25°C for 30 days. The results showed that the entrapment efficiency, peroxide value and V A binding rate of the liposome changed negligibly at 4°C. However, the entrapment efficiency and V A binding rate decreased and peroxide value of the liposome increased at 25°C. It demonstrated that liposomes should be stable at 4°C.
As stated earlier, traditional methods including thin-film dispersion method, thin-film ultrasonic dispersion method, thin-film hydration method, freeze-thawing method, freeze-dried method, injection method and reversed-phase evaporation method ( Figure 5 ) can be used to prepare CUR liposomes with high entrapment efficiency and good stability.
CUR nanoliposomes
Nanoliposomes have many advantages such as sustained release, tumor targeting, low toxicity, high stability, high bioavailability and less oral dose of drugs. 74 Drugs can be encapsulated or incorporated into the lipid bilayer. 75 In terms of stability, absorption and distribution in the body, they have the special effects that can carry hydrophilic, hydrophobic and amphiphilic drugs and directly deliver them to the target tissues. For example, Sun et al 76 chose CS that has been widely known in pharmaceutics for parenteral and oral carries as polymeric materials and tripolyphosphate (TPP) to develop CUR nanoparticle systems at the ratio of CUR:CS:TPP =3:24:8 (w/w). The trial showed that the average size, zeta potential and drug loading of the CUR nanoliposomes were 110.5±5.6 nm, 18.3±0.7 mV and 13.7%±0.12%, respectively. And encapsulation was up to 84.2%±2.50% by measuring the concentration of unencapsulated drug. Stability studies revealed that the CUR nanoliposomes were hermetically placed at 4°C, and there was no significant change after 10 months. Moreover, after rats were administrated the CUR nanoliposomes at an oral dose of 100 mg/kg and CUR suspension as the control group, HPLC analyzed plasma samples and found that C max and the area under the curve of the CUR nanoliposomes were greater than CUR suspension. Besides, the relative bioavailability reached 448% that significantly improved the bioavailability of CUR. It is probably because CS with positive charge prolonged contact time of drug with absorptive surface leading to better bioavailability. In another study, Shin et al 77 prepared chitosan-coated curcumin nanoliposomes (CS-Cur-NLs) using the ethanol injection method ( Figure 6 ). Encapsulation, particle size and zeta potential of CS-Cur-NLs with 0.1% CS coating were 54.70%, 101.42 nm and −14.10 mV, respectively. The stability of CS-Cur-NLs was evaluated by measuring the change in mean size at 4°C 
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Feng et al and 25°C for up to 40 days. And the particle size was measured at 1 day, 3 days, 5 days, 7 days, 15 days and 40 days. The results showed that the mean size was slightly (P,0.05) increased both at 4°C and at 25°C until 5 days and a little decreased further during storage, which demonstrated that the liposomes had satisfactory stability. Moreover, Hasan et al 78 prepared CUR nanoliposomes, respectively, using salmon, soya and rapeseed as lecithin. Three liquids came from the same type of fatty acids but appeared different results. Compared with free liposomes, the average size of CUR nanoliposomes that was measured by dynamic light scattering was smaller (135.5±0.1 nm, 110.3±0.8 nm and 133.1±0.8 nm with respect to salmon, soya and rapeseed). The maximum solubility of salmon, soya and rapeseed was 0.28±0.03 mg/mL, 0.27±0.03 mg/mL and 0.25±0.05 mg/mL, respectively, in comparison to free CUR (8.33 μg/mL). And entrapment efficiency was 67.3%±1.1%, 55.0%±1.1% and 63.2%±0.7%, respectively. Thus, CUR, which is prepared as nanostructured liposomes preparation, not only can get rid of its own disadvantages such as weak oral stability, bad absorption, fast metabolism and low bioavailability but also preforms the properties of the nanoparticle materials so as to effectively improve drug transport. Moreover, CUR nanoliposomes were prepared by combining thin film and dynamic high-pressure microfluidization (DHPM). 79 The results showed that particle size, PDI, zeta potential and entrapment efficiency of the nanoliposomes were 68.1±1.5 nm, 0.246, −3.16±0.34 mV and 57.1%±1.1%, respectively. TEM showed that the apparent morphology of the CUR nanoliposomes was spherical shape. And the solubility of CUR was 490.8 μg/mL. It indicated that water solubility of CUR was significantly improved by nanoliposome encapsulation. Fourier transform infrared spectoscopy (FT-IR) verified that CUR was successfully incorporated into the nanoliposomes because CUR's main absorption peaks weakened and the peaks shifted when encapsulated in nanoliposomes. In vitro drug release, the nanoliposomes was stable for 24 h and possessed an integral structure under the in vitro release conditions. Besides, CUR nanoliposomes displayed a slow diffusion rate across the dialysis bag and only 19.8%±6.2%, 47.8%±6.5% and 63.1%±5.1% of CUR was released from the nanoliposomes at 2 h, 5 h and 24 h, respectively, whereas free CUR approximately released 93.4%±3.7% after 5 h. In stability of CUR against metal ions experiment, the stability of CUR in nanoliposomes was improved. There was no sediment in CUR nanoliposomes after mixing with Fe 3+ , Fe 2+ and Cu 2+ ions at the beginning of the reaction, while free CUR could chelate with metal ions and sediments with different colors were generated immediately. After 2 h of incubation, there was 70.3%±5.2%, 56.5%±2.1% and 76.5%±7.5% of the remaining CUR in nanoliposomes in Fe 3+ , Fe 2+ and Cu 2+ ions solution while in free CUR was 25.5%±1.2%, 18.8%±0.7% and 4.8%±0.7%, respectively. It is demonstrated that nanoliposomes encapsulation could improve the stability of CUR against metal ions. However, the nanoliposomes encapsulation cannot prevent CUR hydrolysis at pH 12.0 because high alkalinity caused the degradation of the nanoliposomes' phospholipid layer resulting in 
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Liposomal curcumin the rapid leakage and hydrolysis of CUR. In addition, CUR nanoliposomes were separately stored at 4°C and 25°C for 90 days. The results showed that the size and zeta potential did not change obviously and the encapsulation efficiency slightly decreased at 4°C. However, when stored at 25°C, the average diameter increased rapidly from 68.1±1.5 nm to 847.9±38.7 nm, the encapsulation efficiency decreased by 16% and the zeta potential negligibly changed. It indicated that CUR nanoliposomes be suitable for storing at 4°C. Overall, nanoliposomes are a type of available method to improve the stability, sustained release and bioavailability of CUR. Nanoliposomes as a kind of drug carrier in some aspects such as preparation methods, technology and route of administration are gradually maturing and widely used. With the constant understanding in depth on normal body tissues, lesion groups and material science, nanoliposomes are gradually making progress.
However, there are still some problems. For example, when nanoliposomes enter the systemic circulation, they are easily phagocytized by monocyte-macrophages. 80 After the treatment, they easily concentrate on tissues of rich endothelial cells such as liver, spleen and kidney, which occupy so large range that targeting specificity is not strong and the effective dose on target areas will decrease. At present, the main way to solve the problem is using PEG or ligand modification.
Long-circulating CUR liposomes
Hydrophilic polymers such as PEG can be used to coat the surface of liposomes to form long-circulating liposomes. The polymer forms a steric protective layer that can prevent plasma protein from binding to liposomes and thereby reduce liposome clearance by the RES. Thus, the liposomes are able to exhibit prolonged blood circulation. 81, 82 Guo and Wang 83 prepared long-circulating PEGylated CUR liposomes using thin-film dispersion method. The results showed that the average particle size, polydispersity coefficient, zeta potential and entrapment efficiency were 115±8 nm, 0.17±0.02, −4.8±0.4 mV and 76.1%, respectively. It was demonstrated that long-circulating liposomes were distributed uniformly without aggregation. In calf serum, the particle size of the long-circulating liposomes did not change after 12 h. Therefore, the long-circulating PEGylated CUR liposomes had better stability. You et al 84 prepared CUR long-circulating liposomes (CUR-LCL) using ethanol injection method. The results showed that the average particle size, zeta potential, entrapment efficiency and drug loading of CUR-LCL with circular shape were 110±3.20 nm, −5.8±0.87 mV, 80.25%±1.61% and 2.06%±0.06%, respectively. The in vitro release study demonstrated that the CUR-LCL had sustained-release effect. After tail iv administration, half-life of CUR-LCL in rats was 13 times that of CUR and 1.8 times that of CUR liposomes. After CUR-LCL was stored at 4°C for 3 months, its entrapment had no significant change. In another study, a kind of long-circulating nanoliposomes of CUR were prepared by ethanol injection method. 85 The results showed that the average diameter of the CUR liposomes was 136±18 nm and the encapsulation efficiency was 88.27%±2.16%. Besides, there was no change on encapsulation efficiency within 30 days. In another report, a cationic liposome-PEG-polyethylenimine (PEI) for the encapsulation of hydrophobic CUR was prepared ( Figure 7) . 86 TEM analyzed the structure and revealed that the liposomes had a roughly spherical shape with hairlike projections on the surface. And the average size of the liposomes ranged from 258 nm to 269 nm, zeta potential was +40 mV and the encapsulation efficiency was 45%±0.2%. In vitro drug release experiment, only 10%-15% of the CUR was released from the liposomes at 4°C and 30% of the CUR was released at 25°C after 120 h.
Ligand-modified CUR liposomes
Ligands can be used to direct liposomes to specific receptors. Therefore, to improve the therapeutic effect, generate synergy, reduce side effects, decrease dosage, shorten period of treatment and produce specific targeting effects on the body with high selective drugs, researchers considered to The results under the condition of optimum prescription measured average encapsulation rate of 89.67%±0.47% and the average binding rate for V A was 62.35%±0.77%. The oxidative product of phospholipids contained 0.097 μg/mg that was lower than hemolytic dosage (0.1 μg/mg). This showed that PC had good stability in this prescription. Moreover, V A -CUR-L showed significant sustained-release effect in in vitro release experiments. In stability test, it was found that the liposomes were more stable when stored at 4°C than 25°C for 30 days. Folate receptors (FRs) are overexpressed in many tumor cells. Folate-modified liposomes are targeted to tumors via FR endocytosis, which could bypass multidrug resistance. 87 Lu et al 88 incorporated CUR and folic acid in liposomes (F-CUR-L) using a thin-film dispersion method. The size, zeta potential and drug-loading efficiency of the F-CUR-L were 182.3±13.5 nm, −26.1±4.3 mV and 67.3%±8.0%, respectively. The liposomes had satisfactory stability. Moreover, 8 μg/mL of free CUR and F-CUR-L were, respectively, diluted in PBS (pH 7.4) and incubated in a water bath at 37°C for 0-240 min. The formulations of F-CUR-L were well dispersed, while the free CUR in the equivalent quantity of F-CUR-L (666.7 μg/mL) could not be dissolved in the same amount of PBS buffer. This showed the enormous improvements of liposomal CUR in aqueous solubility. Thus, the F-CUR-L largely improved the stability and solubility of CUR. Hyaluronic acid-targeted curcumin liposome (HA-CUR-L) was prepared by reverse evaporation method. 89 Particle size was distributed uniformly, and the average particle size was 160 nm. The average entrapment rate and the binding rate of HA-CUR-L were 88.75% and 71.69%±0.45%, respectively. The total accumulative in vitro release amount of HA-CUR-L was 34.12%, while CUR was as high as 90.12%. And after 36 h, the accumulative release amount of HA-CUR-L and CUR was 82.26% and 98.55%, respectively. The data demonstrated that HA-CUR-L had sustained release. In another study, nanoliposome-loaded CUR with 0.1% and 0.5% (w/v) sodium hyaluronate was prepared. 90 Both formulations were measured by cryogenic electron transmission microscopy and found that the shape was spherical with a single membrane. When CUR was encapsulated in the sodium hyaluronate liposomes, mean diameters and zeta potential were smaller than free CUR liposomes. And entrapment efficiencies have effectively improved from ~66% to ~79%. In stability studies, both formulations were more stable at room temperature for 90 days in comparison with free CUR liposomes. The data demonstrated that sodium hyaluronate is promising for the delivery of CUR. Liposomes were first reported in 1965 for the first time. Since then, liposomes have been developing very fast from traditional liposomes. Nowadays, liposomes have offered huge potential for the development of CUR. For example, some liposomes were applied in CUR and revealed great performances in entrapment efficiency, stability, solubility and bioavailability. Besides, these CUR liposomes still have excellent cancer-fighting properties.
Application of CUR liposomes on cancer
CUR liposomes give us an important tool that improves pharmacokinetic properties and therapeutic value of CUR. Table 1 summarizes liposome-based delivery systems of CUR used for the treatment of cancers including lung, cervical, prostate, breast, osteosarcoma (OS) and liver cancers. Numerous studies have indicated that anticancer properties of CUR are related to enzymes such as COX-2, AMPK, MMPs, NADPH and LOX; transcription factors such as NF-κB, AP-1, β-catenin and STAT-3 and protein kinases and growth factors such as MAPK, AKT, JAK, VEGF, ERK, PKA and Bcl-2 ( Figure 8) . 13, [91] [92] [93] [94] More details are discussed later.
Lung cancer
Lung cancer is one of the most common primary malignant tumors. 95 Over the past 2 decades, morbidity of lung cancer has increased 11% in China, and 80% of first clinical confirmed cases have been advanced stage. Lung cancer patients will reach 1 million in China, which will have the largest number of patients in the world in 2025. 96 Common therapeutic methods of lung tumor include surgical resection, radiotherapy and chemotherapy. Even so, 5-year survival rate is only 16%, though new drugs of anti-lung cancer such as angiogenesis-targeted drugs, epidermal growth factor receptor (EGFR)-targeted drugs, protein peptides of anti-lung cancer and lung cancer antibody drugs were developed. [97] [98] [99] [100] [101] [102] Recently, a study reported that nanoliposomes using sodium hyaluronate and trimethyl CS form polymer-glycerosomes that can effectively deliver CUR to lung so as to improve the therapeutic index of CUR. 103 Recently, many studies reported that CUR liposomes have anticancer activity. Wang et al 104 prepared CUR liposomes using ethanol injection method. Lewis lung carcinoma in mice model was established and used to evaluate the antitumor effect of CUR liposomes by MTT method. Right-hind legs of 12 female mice at 6 weeks were inoculated with 5×10 5 LL/2 cells. Experimental group was injected CUR-liposomes 200 μL/day iv for 2 weeks, while the control group was injected saline.
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The results showed that with increase of drug concentration from 5 μg/mL to 40 μg/mL, the cell survival rate gradually decreased. And cells distribution percentage of 40 μg/mL of CUR-liposomes (43.6%±1.3%) was less than the control group (51.3%±2.1%) in S phase, while cells distribution percentage of the liposomes (19.1%±0.4%) was higher than control group (10.3%±0.87%) in G2/M phase. It was demonstrated that the CUR liposomes made LL/2 cells stagnate in G2/M phase. Besides, it was observed that the liposomes inhibited angiogenesis of tumor. Thus, the CUR liposomes significantly inhibited the LL/2 tumor cells' growth and had stronger anti-lung cancer effect. In another study, Lin et al 86 prepared a cationic liposome-PEG-PEI-encapsulated CUR and tested on CUR-sensitive A549 cells. IC 50 of the liposomes and free CUR was 1.4±0.1 μM and 30.0±9.5 μM, respectively, which demonstrated that the liposomes were more potent than free CUR. CUR-PEG-PEI liposomes were shown to rapidly accumulate in the cytosol over 2.5-h incubation, while free CUR was undetectable for 4 h. Furthermore, CUR-PEG-PEI liposomes showed that 1.5 μg of CUR accumulated in cells within the 2.5 h and continued to gradually increase. From these results, it is revealed that the liposomes enhanced the delivery of CUR into A549 cells that increased the cytotoxic efficacy of the drug. To increase solubility and anticancer property of CUR, β-cyclodextrin-CUR (βCD-C) inclusion complexes were prepared and encapsulated into liposomes by Rahman et al. βCD-C liposomes efficiently inhibited proliferation of lung cancer A549 cells. 105 The median effective dose (ED 50 ) of βCD-C liposomes and free CUR was 2.9 μM and 1.5 μM, respectively. Apiratikul et al 106 synthesized CH-based cationic liposomes. ED 50 of CUR and liposomal CUR was 10 μM and 50 μM, respectively, which demonstrated that the cytotoxicity on A549 cells of liposomeencapsulated CUR had five times higher activity than that of free CUR. Besides, it was found that the liposomes were not toxic to the normal cells even when the IC 50 value was up to 600 μM, which suggested that the CUR liposomes had quite low adverse effects on normal cells.
Cervical cancer
Cervical cancer is the second most common type of malignant tumors of women all over the world. Human papilloma virus [107] [108] [109] [110] It was reported that cationic liposomes could selectively accumulate in tumorous vascular endothelial cells so that cationic liposomes were made from antitumor carriers that would target tumorous vascular to reduce the toxicity of antitumor drugs. 111, 112 CUR-loaded cationic liposomes were prepared by Saengkrit et al 113 using conventional thin-film hydration method and investigated the inhibitory activity against HPV18-and HPV16-positive cells. The results revealed that half maximal inhibitory concentration of Hela and SiHa cells was 21 μM and 16 μM, respectively. The reason why CUR-loaded cationic liposomes exhibited more cytotoxicity than free liposomes might be charge-induced cell death. Apoptosis assay showed that the more liposomal surface charge was, the more antitumor effect of CUR had. At the same concentration of CUR, CUR-loaded cationic liposomes showed a gradual increasing apoptosis, while there was no sign of cell damage in the free liposomes. Huang et al 
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Liposomal curcumin higher cytotoxicity, among which CMD-Cur-Lip exhibited the strongest cytotoxicity. IC 50 of CMD-Cur-Lip was 6.6 μM in comparison with free CUR (24.8 μM) . Therefore, the CUR liposomes were more effective.
Prostate cancer
Prostate cancer (PCa) is one of the most common malignant tumors in elderly men. Its incidence ranks first in the United States in all male malignant tumors. 115 In the last few years, it has significantly increased in China. Endocrine therapy is the primary method to treat PCa. But after treatment for 14-30 months, almost all patients will gradually develop androgen-independent prostate cancer (AIPC). [116] [117] [118] [119] Radiotherapy, chemotherapy and biological treatment are of limited effectiveness. Finally, the median survival period is ,20 months. Abnormal activation of androgen receptor (AR) signal in AIPC plays an important role. However, CUR can cut down transcription activity and inhibit expression of AR. 120 Tian et al 121 investigated antitumor efficacy and the biochemical mechanisms triggered of CUR liposomes in PC-3 human PCa cells. MTT assay showed that compared with free CUR, the survival rate of PC-3 cells treated by CUR liposomes was lower in a concentration-and time-dependent manner. Using fluorescence microscope and HPLC to investigate the uptake of CUR liposomes on PC-3 cells, it was found that liposomes could promote CUR uptake into cell, and cellular fluorescence intensity duration was stronger and longer lasting than the control group. Reverse transcription polymerase chain reaction (RT-PCR) and Western blot methods, respectively, were used to detect the expression of MMP-2-messenger RNA (mRNA) and protein levels. Then, results showed that with the increase of concentration of CUR liposomes, MMP-2-mRNA and its protein expression level were gradually reduced. Therefore, the trial implied that the CUR liposomes promoted PC-3 cells ingesting drugcontaining liposomes so as to enhance the cytotoxicity of intracellular drugs. Simultaneously, PC-3 cells were inhibited by downregulation of MMP-2 levels. CUR liposomes have a long-lasting activity. Thangapazham et al 122 prepared CUR nanoliposomes containing phospholipids:CH:CUR at a ratio of 90:10:10 (w/w). PCa LNCaP and C4-2B cells were used to examine the efficacy of various concentrations of CURloaded nanoliposomes and free CUR by MTT at 570 nm. The results showed that LNCaP cells were more sensitive to nanoliposomal CUR than C4-2B cells. After 48 h incubation, nanoliposomal CUR resulted in death of 70%-80% cells while free CUR needed 10-fold higher doses to reach similar inhibition. Thus, the trial showed that nanoliposomes improved the bioavailability of CUR. In another study, Narayanan et al 123 encapsulated CUR and resveratrol in liposomes and examined their chemopreventive effect on PCa in male B6C3F1/J mice. The liposomes significantly increased CUR level in serum and prostate tissues (P,0.001). In vitro study revealed that CUR plus resveratrol effectively inhibited cells growth and induced apoptosis. In vivo studies showed that the liposomes significantly decreased growth of prostatic adenocarcinoma (P,0.001). Molecular targets of CUR in prostate cancer include Akt, cyclin D1 and AR.
Breast cancer
Breast cancer is a common malignant tumor and a serious threat to the lives of women. The morbidity and mortality data of breast cancer are gradually increasing. Concurrently, the patients seem to be getting younger. In addition to surgery and radiation therapy, the primary treatment is chemotherapy. But adverse reactions to chemotherapy greatly reduce the patient's quality of life. 124, 125 CUR has been demonstrated that it has inhibitory effect on the breast cancer cells. 126, 127 Hasan et al 78 prepared nanoliposomal CUR and evaluated its antitumor activity on MCF-7 cells. Nanoliposomal CUR showed significant inhibitory effect on breast cancer MCF-7 cells with dose-dependence. In this context, CUR might cause cell cycle arrest and induce apoptosis. Thus, nanoliposomes enhanced bioavailability of CUR that will help to enhance its effect on cell proliferation. In another study, 2-hydroxypropyl-γ-cyclodex-trin/CUR liposome complex showed promising anticancer potential both in vitro and in vivo against MCF-7 breast cancer cell line. 128 The IC 50 of CUR-loaded-γ-CD liposomes was 11.5±1.1 μg/mL in comparison with free CUR (20±1.8 μg/mL). Besides, the study showed the CUR liposomes had no adverse effects even at the highest concentration of 28 μg/mL. Moreover, CUR in combination with paclitaxel (PTX), which were encapsulated in liposomes, significantly inhibited the growth of MCF-7 cells compared with CUR or PTX alone. It was demonstrated that the liposomes could effectively deliver both CUR and PTX to tumor cells. 129 
Osteosarcoma
OS is a primary bone cancer that commonly occurs in the longer bones of children and adolescents, particularly distal femur and proximal tibia. 130, 131 Ceramides are sphingolipids and play an important role in cell differentiation, cell cycle arrest, apoptosis, growth inhibition and senescence. 132 CUR has shown potent anticancer activity against all stages of cancer because of its action on NF-κB, TNF-α, VEGF, 133 combined CUR with C6 ceramide in liposomal nanoparticles to examine the antitumor potential against OS cell lines. Three formulations of liposomes were prepared: CUR liposomes, C6 liposomes and C6-CU liposomes. Results showed that compared with CUR liposomes, cytotoxic effect was improved 1.5 times by CU-C6 liposomes in the case of MG-63 and KHOS cell lines. Importantly, C6-CU liposomes were found to be less toxic. In addition, cell cycle assays on a KHOS cell line revealed that C6-CU liposomes induced G2/M arrest by upregulation of cyclin B1 and induced G1 arrest by downregulation of cyclin D1, while CUR liposomes only induced G2/M arrest and C6 liposomes only induced G1 arrest. Therefore, C6-CU liposomes enhanced the cytotoxic effect and validated the potential of combined drug therapy. In another study, CUR-loaded-γ-CD liposomes were synthesized and evaluated its anticancer effect on KHOS cells. 128 Results showed that KHOS cells have a strong sensitivity to the liposomes, with IC 50 of 6.4±0.7 μg/mL. And cytotoxic effects of the liposomes were three to four times stronger than non-liposomal formulations (IC 50 : 22.8±1.9 μg/mL). The data demonstrated that the liposomes formulation promoted CUR uptake in the KHOS cells and were more effective than free CUR.
Liver cancer
Liver cancer is a common cancer and a leading cause of cancer deaths in China. In cancer registration areas in 2009, the incidence of liver cancer was 28.71/100,000, making it the fourth most common cancer in China. The mortality of liver cancer was 26.04/100,000 making it the second leading cause of cancer death in China. 134 The incidence and mortality of liver cancer in recent years remained high worldwide. In 2010, the incidence and mortality of liver cancer were 27.29/100,000 and 23.76/100,000, respectively, while in 2012, the values were 22.3/100,000 and 21.4/100,000, respectively. 135 These data confirmed that liver cancer was a common and fatal cancer in China. It was reported that CUR had anti-hepatoma effect. CUR induced apoptosis of liver cancer cells mainly through 3 mechanisms: 1) regulate apoptosis-related proteins including the Bcl-xl and the Bcl-xs. 2) Control cytochrome C and ROS release. 3) Adjust the cyclin and induce cell cycle arrest including caspase-3 and caspase-8 pathways. Besides, CUR can lead to mitochondrial and nuclear DNA damage in liver cancer cells, especially its mitochondrial DNA. [136] [137] [138] A study by Li et al 139 investigated the inhibitory effect of CUR liposomes on Bel-7402 cells after storage for up to 12 months. With the extension of time, the inhibitory effects of Bel-7402 cells' proliferation and apoptosis inducement showed no significant decrease. At 12th month, the inhibitory effects of drug (0.25 μg/mL, 5 μg/mL and 10 μg/mL) were very weak but still had certain effect. The apoptosis rate of CUR liposomes was 63.7%±7.2% at 12th month while that of CUR solution was 9.2%±3.5%. Thus, liposomes significantly improved the effect of CUR on inhibiting the Bel-7402 multiplication and inducing apoptosis. In another study, CHbased cationic liposomes as drug delivery vehicles for CUR were synthesized. 106 Free and liposome-encapsulated CUR cytotoxicity against HepG2 cell line was assessed. The results showed that ED 50 values of the liposomes and free CUR were 4 μM and 30 μM, respectively. It is suggested that the cationic liposomes exhibited 7.5 times higher cytotoxicity than free CUR. Such effect was in part mediated by downregulation of bcl-2 expression and upregulation of bax. Another study reported that CUR could inhibit growth and angiogenesis of tumor and significantly reduce expression of COX-2 and VEGF in HepG2 liver cancer tissues. 140, 141 CUR was able to inhibit the occurrence of the capillaries and formation of related heterogeneous network. Thus, neovascularization was suppressed to some extent.
Conclusion
CUR has exerted therapeutic effects in many types of cancer including lung, cervical, prostate, breast, OS and liver cancers. However, in vivo activities of CUR are limited due to its poor solubility and low bioavailability. Liposomes provide a type of effective drug delivery system for CUR. As we discussed in this review, liposomes could enhance antitumor and pharmacological activities of CUR by improving pharmacokinetics and pharmacodynamics and reduce the dosage required for targeting tumor. Especially, CUR was incorporated in liposomes with different supports such as CS, vitamin A, folic acid, hyaluronic acid, β-CD, CMD, silica and PEG conjugates. In addition, drug combination encapsulated in liposomal nanoparticles could also sensitize cancer cells, such as CUR and C6 ceramide in OS cell line. Therefore, the combination of CUR and liposomes may be an ideal strategy in clinical practice to treat cancers. With the constant development of liposomes, CUR liposomes will be more optimized. Meanwhile, clinical application of CUR will be extended.
